Fatty acids (FA) and their metabolites are closely related to some mechanisms involved in the development of uronephrolithiasis. The aim of this study was to evaluate the relationship between FA composition and type of kidney stones.
Background
Nephrolithiasis is a multifactorial disease influenced by lifestyle and nutritional habits, as well as metabolic, environmental, and genetic factors. During recent decades, growth in the prevalence of nephrolithiasis has been observed in Western countries [1] . According to the National Health and Nutrition Examination Survey (NHANES), the prevalence of kidney stones reached 8.8% in the period 2007-2010. Kidney stone disease increased from 6.3% to 10.6% among men and from 4.1% to 7.1% among women [2] . The variety and complexity of the processes influencing stone formation prevents a single explanation for the etiology and pathogenesis of the disease, which in turn causes a lack of appropriate prevention measures. This fact is confirmed by the increasingly high recurrence rates of urolithiasis. Recurrence of nephrolithiasis over the first 5 years increases by 50% after the first episode. This has a significant impact on quality of life. Furthermore, the prevalence and incidence of kidney stone disease increased across the world throughout the 20th century. For example, in the USA the prevalence of the disease is approximately 10% (13% for men and 7% for women), which is a drastic increase from the 3% recorded in the period 1964-1972 [3] . European countries follow similar trends, and urolithiasis is becoming a major health care problem worldwide. It is acknowledged that the need for an individual-based treatment approach is now an important challenge [4] .
Around 80% of all kidney stones are composed of calcium oxalate and calcium phosphate. Other cases of nephrolithiasis are caused by magnesium ammonium phosphate, cysteine, uric acid, and struvite kidney stones [2] . Nevertheless, most kidney stones are calcium phosphate monohydrate surrounding a calcium phosphate core [6] .
According to some studies, fatty acids (FA) and their metabolites are closely related to some mechanisms involved in the development of nephrolithiasis [1, [4] [5] [6] [7] . Abdomen adipose tissue reflects the long-term consumption of FA. Metabolic processes in adipose tissue are quite slow, and acute health disorders have no influence on the composition of adipose tissue [8] . There is very little information and few comprehensive studies on the formation of different types of kidney stones as determined by factors influencing the composition of adipose tissue FA in the abdomen.
Several explanations concerning the impact of FA on the development of kidney stones are possible. According to some researchers, FA have a direct influence on renal tubules, crystal formation, the metabolism of salt and water in the kidneys, and on oxidative and inflammatory processes. Others declare that FA are more likely related to metabolic syndrome (MS). MS is defined by the following diagnostic criteria: glucose intolerance, hypertension, decreased high-density lipoprotein (HDL) level, increased triacylglycerol (TAG) level, and visceral obesity [9] . Scientific data showing the relationship between MS and type of kidney stone is still controversial. According to some researchers, MS causes lower urine pH, higher calcium and uric acid excretion, and lower citrate excretion, leading to formation of uric acid and calcium-based stones [10] . According to others, MS is more closely related to uric acid stones, because patients with MS have significantly more formation of uric acid stones [11] .
On the other hand, an excess of lipids and FA in renal proximal tubules could impede ammonium synthesis and transport because glutamine transport is interfered with through the mitochondrial membrane. Accumulation of lipids in kidney and renal tubules could also be associated with aberrant tissue sensitivity to insulin [7, 12] . Abdominal adipose tissue adipocytes eventually lose their ability to store FA adequately. Because of insulin resistance, free FA interact with liver enzyme systems and induce glucose synthesis, decrease insulin clearance, increase TAG and low-density lipoprotein (LDL) levels, and decrease HDL level, accelerating early atherogenesis [7] . There is evidence that increased levels of TAG and cholesterol in the blood leads to the formation of uric acid stones. Increased concentration of LDL in the blood, on the other hand, increases Na + ion excretion and uric acid concentration in the urine [13] .
Katsoulieris et al. studied the effects of saturated palmitic fatty acid on proximal renal tubular cells in vitro and found that palmitic FA caused endoplasmic reticulum stress, which led to renal proximal tubular cell apoptosis. The opposite effect was noted when using a-linolenic FA, which decreased the concentration of proinflammatory substances and diminished cell apoptosis in vitro [14] .
Moreover, it is thought that palmitic FA induces the expression of monocyte chemotaxis protein (MCP-1). Palmitic acid activates protein kinase C (PKC) family proteins through accumulation of intracellular diacylglycerol (DAG). Oleic FA and EPA induce diacylglycerol acyltransferase 2 gene expression and convert intracellular DAG to TAG, resulting in PKC gene suppression. Renal tubular cells are therefore protected from the harmful effect of palmitic acid [15] . Other authors have reported that the abundance of free FA exceeds the mitochondrial capability to oxidize them and consequently leads to the production of partially oxidized acylcarnitine with an excess of DAG, both of which predispose a person to insulin resistance [16] . FA directly or through signal molecules influence gene transcription in the liver and are capable of regulating lipogenesis, b-oxidation of FA, and glucose metabolism [17] . Nevertheless, the data concerning the relationship between the composition of FA in adipose tissue and nephrolithiasis remain contradictory.
We therefore designed this study to evaluate the relationship between the composition of abdominal adipose tissue FA and type of kidney stones.
Material and Methods
This case-control study (duration: 1.5 years) was carried out on a group of 71 men (average age 53.1±14.1) with kidney stone disease; enrolled individuals were hospitalized at Vilnius University Hospital and gave their written consent to participate in the study (case group). The control group had no history of kidney stone disease, and was matched with cases for age and sex (n=100). All patients were thoroughly examined to diagnose MS according to clinical and laboratory criteria [18] . The kidney stones of patients were removed and the chemical composition of the stones was examined using infrared spectroscopy.
The study protocol was approved by the Vilnius Regional Bioethics Committee (Approval No. 158200-5-053-056LP1).
The chemical composition of the stones was examined by a BRUKER VERTEX 70 Fourier transform infrared (FTIR) spectrometer by using a KBr tablet [19] .
Methyl esters of adipose tissue FA were prepared using the Folch method [20, 21] and were identified by gas chromatography-mass spectrometry (GCMS-QP2010 Ultra, Shimadzu) ( Table 1) . Individuals were divided into groups according to diagnosis of (MS) and type of kidney stone ( Figure 1 ). The composition of adipose tissue FA was compared within different groups of patients with different types of kidney stones and between the patients and control individuals.
Statistical analysis
Data analysis was carried out using the IBM SPSS software (version 21) and Microsoft Excel 2013. Data are expressed as mean ± standard deviation. Differences between investigated groups were tested for significance using the MannWhitney U-test and the t test. Statistical significance was considered at p<0.05. Figure 2 shows the distribution of patients with uronephrolithiasis by type of kidney stones and presence of MS. Calcium-based kidney stones were the most common among the patients with nephrolithiasis, while uric acid stones were the least common. For further analysis, individuals with nephrolithiasis were divided into 2 groups: those with MS (32.4%) and those without MS (67.6%). Seventy percent of patients with uric acid kidney stones had MS, and only 41% of individuals with calcium-based kidney stones (involving both calcium oxalate and calcium phosphate) had MS. The frequency of MS of individuals with uric acid kidney stones was 2 times higher than that of patients with calcium-based kidney stones. Moreover, MS was significantly more frequent in patients with uric acid kidney stones compared to individuals with calcium-based kidney stones (Pearson chi-square=8.308, p=0.004).
Results
According to the presence or absence of MS, all patients with uric acid and calcium-based kidney stones were subdivided into 2 groups: those with and without MS ( Table 2 The results were significantly different between all groups of patients and the control group. The level of monounsaturated fatty acids (MUFA) in patients with uric acid and calcium-based stones was 2 times higher than it was in the control group (p<0.0001) (Figure 6 ), (18: 1w9 was predominant). The level of PUFA was 2.4-2.8 times lower in each group of patients with nephrolithiasis compared to the control (p<0.0001) ( Table 3 ) (Figure 7 ). The ratio of w3 and w6 PUFA was higher in the control group than in patients with kidney stones. The total level of SFA was almost the same in each group of patients with kidney stones compared to the 
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control group. Patients with nephrolithiasis had a higher level of SFA 16: 0 (p=0.001; p<0.0001) and a similar level of SFA 14: 0 (p>0.05) compared to the control group. However, the patients with calcium-based kidney stones had a lower level of SFA 18: 0 compared to the control group (p<0.0001).
For further analysis, all patients with nephrolithiasis were subdivided into 2 groups: those with and without MS. Each of those groups was compared to the control group (Table 4) . Patients with MS had a significantly higher level of 18: 1w9 (p=0.041) and a lower level of 16: 1w7 (p=0.003) compared to kidney stone patients without MS. The total level of MUFA was equal in both groups of kidney stone patients with and without MS (p=0.762), but it was approximately 2-fold higher compared to the control group of healthy people (p<0.0001). The level of SFA was significantly higher in kidney stone patients without MS compared to controls (p=0.008).
Moreover, the percentage of w3 PUFA in healthy individuals was about 6.3 times (p<0.0001) higher, and the percentage of w6 PUFA was about 2 times higher than that in both groups of patients with kidney stones (p<0.0001). The ratio of w3/w6 PUFA in the control group was also higher than that in each group of patients.
Discussion
According to our data, MS occurred 2 times more frequently in individuals with uric acid kidney stones than in patients with calcium phosphate/oxalate kidney stones, but the difference was not statistically significant. According to recent scientific data, MS is very much related to the formation of uric acid kidney stones [22] [23] [24] . Uric acid kidney stones in those studies were more common in older patients with a higher body mass index (BMI) and lower urine pH and a higher uric acid level [22] .
We found twice the amount of MUFA in the adipose tissue of patients with nephrolithiasis, regardless of the type of kidney stone, than in healthy individuals in the control group. Lack of w3 and w6 PUFA causes a compensatory increase in the synthesis of MUFA, which leads to increased production of w9 
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PUFA. On the other hand, the diet of patients with nephrolithiasis may contain more MUFA than the diet of healthy individuals in the control group.
Peña-Orihuela found that a diet higher in MUFA promotes the gene expression of antioxidant enzymes in adipose tissue (e.g., glutathione peroxidase and catalase) and thus reduces oxidative stress. Increased dietary intake of SFA in adipose tissue of obese individuals stimulates the enzyme NADPH -oxidase, which promotes the synthesis of reactive oxygen compounds and gene expression and inhibits expression of genes encoding antioxidant enzymes. Therefore, researchers believe that SFA should be replaced with MUFA since it would be an effective way to reduce oxidative stress for individuals with MS [25] . Furthermore, experiments on laboratory mice suggest that replacement of SFA by MUFA reduces the inflammation in adipose tissue and insulin resistance as well [26] .
Our study showed that individuals with nephrolithiasis had a percentage of total PUFA in adipose tissue 2 times lower than in the control group (p<0.0001). The percentage of PUFA in adipose tissue basically reflects the human diet. A major percentage of total PUFA represents linoleic and a-linolenic FA. We therefore assume that individuals with nephrolithiasis had a lack of PUFA in their diet, and this lack of linoleic and a-linolenic FA can cause a slowdown of the synthesis of other w3 and w6 PUFA. SFA -saturated fatty acids; MUFA -monounsaturated fatty acids; PUFA -polyunsaturated fatty acids; * -kidney stone patients without MS; # -kidney stone patients with MS; ## -control group; C 18: 1× -number of carbon atoms and double bonds; w** -position of double bond between carbon atoms in the molecule; S*** -total sum.
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Increased dietary intake of PUFA prevents lipid accumulation in the liver and the adipose tissue of the abdominal area. The reverse effect is, however, characteristic of SFA [28] . In vitro data on a culture of proximal renal tubular cells showed that PUFA (a-linolenic, EPA) and MUFA (oleic) reduce oxidative stress and inhibit endoplasmic reticulum stress, which can lead to cell apoptosis [15, 27] .
We also found that patients with nephrolithiasis had a higher level of 16: 1w7 and a lower level of EPA in adipose tissue than in the control group. However, individuals with MS had significantly less 16: 1w7 and more 18: 1w9 than those who had not been diagnosed with MS. Our results can therefore confirm that individuals with nephrolithiasis consume a lower level of essential PUFA; therefore, synthesis of MUFA increases, leading to increased levels of 16: 1w7and 18: 1w9 in adipose tissue.
Canadian researchers compared the spectrum of FA in blood phospholipids in 734 cardiovascular patients with and without MS. They found increased levels of SFA (16: 0, 18: 0) and w6 PUFA (18: 3w6, 22: 6w6) and decreased amounts of w3 PUFA (20: 5w3 and 22: 6w3) in patients with MS compared to patients without MS [29] . Our study, however, showed that the total percentage of SFA in the adipose tissue of individuals with MS did not differ from that of the control group. Nevertheless, patients without MS had a higher level of SFA than did controls (34.54±3.89 versus32.14±5.29, p=0.008).
When individuals were grouped by origin of kidney stones and MS, we also found that the total percentages of PUFA, w6 PUFA, and 18: 2w6 were significantly higher in the calcium oxalate/phosphate kidney stone group without MS versus the uric acid kidney stone group with MS. This can be explained by the fact that the metabolism of PUFA in patients with MS is impaired. There may also be a lack of dietary intake of PUFA.
The higher percentage of w6 PUFA in the adipose tissue of patients with uronephrolithiasis may cause more eicosanoids to be synthesized from those PUFA. Although no specific concentrations of eicosanoids were studied, according to scientific data, eicosanoids can have a significant impact on the pathogenesis of nephrolithiasis, directly or indirectly participating in inflammation.
Conclusions
Our study results from the patients with uronephrolithiasis differed from results from the control group. Irrespective of MS diagnosis, all individuals with kidney stones had significantly higher percentages of MUFA and lower percentages of PUFA than did healthy individuals. The elevated level of MUFA was a result of the significantly higher percentage of 18: 1w9 FA in kidney stone patients with MS compared to patients without MS, and could be related to a potential disorder of PUFA metabolism specific to MS. One of the causes of MS, and the cause of increased acidity and changes in the chemical composition of urine, is the lower amount of PUFA, w6 PUFA, and 18: 2w6 in the adipose tissue of patients with uric acid kidney stones and MS compared to patients with calcium-based kidney stones and without MS. The results of our study show an elevated level of SFA in kidney stone patients without MS compared to the control group.
